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We have built a quantum light source capable of producing different types of quantum states. 
The quantum light source is based on entangled state preparation in the process of spontaneous 
parametric down-conversion. The single-photon detection rate of 8 • 10^ demonstrates that we 
have created a bright state-of-the-art quantum light source. As a part of the characterization we 
measured two-photon quantum interference in a Hong-Ou-Mandel interferometer. 



Contents 



1 Quantum light source at the few-photon level H] 

1.1 Non-linear optical processes [5] 

1.1.1 Why use non-linear optics to create single photons [6] 

1.2 Experimental setup [7] 

1.2.1 Laser requirements 

1.3 Characterization of the quantum light source |8] 

1.3.1 Measured heralded single-photon detection rates |8] 

1.3.2 Estimation of the two-photon Fock-state detection rate |9] 

1.4 Conclusions of the single-photon source [12] 

2 Observing two-photon quantum interference [13] 

2.1 Hong-Ou-Mandel interference [13] 

2.2 Detection scheme [16] 

2.3 Measured Hong-Ou-Mandel interference [T7] 

2.4 Conclusions of the Hong-Ou-Mandel experiment [18] 

A Outline of the laser lH] 

B Detailed overview of the setup [23] 

B.l Quantum light source setup [23] 

B.1.1 Seed path [21 

B.1.2 Pump path [21 

B.l. 3 After the PPKTP crystal [21 

B.2 Hong-Ou-Mandel detection scheme [25] 

B.2.1 Spectral filter for the Hong-Ou-Mandel experiment [25] 

Bibliography 112] 



3 



Contents 



4 



Chapter 1 

Quantum light source at the few-photon 
level 



All quantum optical experiments need a light source for producing the desired states. We have 
chosen a quantum light source based on the non-linear optical process of spontaneous paramet- 
ric down-conversion (SPDC). SPDC is a process that was for the first time experimentally demon- 
strated in the seventies of last century[l]. In SPDC a photon with a high energy is down con- 
verted into an entangled photon pair. Nowadays SPDC is a commonly used technique for creat- 
ing heralded single photons [2J, entangled photon states [3], squeezed states [4] and other quantum 
states 1 5 , 6| . Given the capability of producing many diverse quantum states in a well-defined spa- 
tial mode at a high rate, makes SPDC an ideal process for diverse experiments. 

In this chapter we discuss the requirements and results of the quantum light source that we 
have built. We start by introducing the working principles of the non-linear optical processes used 
in our setup. Sequentially, we present the quantum light source that we have built. We continue 
with characterizing the performance of the quantum light source by measuring the detection rates 
of single- and two-photon Fock states. We end this chapter with the conclusions. 



1.1 Non-linear optical processes 



In our setup we make use of three types of non-linear optical processes: second-harmonic genera- 
tion (SHG), optical parametric amplification (OPA) and spontaneous parametric down-conversion 
(SPDC). We make use of non-linear crystals that have a large second-order susceptibilities (j^^^), 
meaning that they have a strong non-linear response to external electric fields. Second-order 
susceptibilities allow three-wave mixing, meaning that two waves of different frequencies can be 
mixed to make a third wave of another frequency, or the other way around. We continue with dis- 
cussing SHG, as it makes a good starting point for explaining the other two non-linear processes. 



In our experimental setup we use SHG to convert our laser wavelength into a suitable wave- 
length for the quantum light source. SHG is a process in which the frequency of light is doubled; 
two photons of a long wavelength are annihilated while a photon with half the wavelength of the 
original photons is created. An energy diagram of SHG is presented in figure fTTTal All non-linear 



5 



Chapter 1 . Quantum light source at the few-photon level 





Figure 1.1: Energy diagrams of two non-linear optical processes. The vertical colored arrows represent the 
frequency of the light as used in our experiment. The symbols next to these arrows indicate the 
polarization of the light as used in our experiment, the polarization is either vertical or horizon- 
tal with respect to the optical axis of the crystal. | g) and | v) indicate the ground and virtual 
energy level involved in the non-linear process, (a) Second-harmonic generation, two identical 
photons are annihilated and a frequency- doubled photon is created, (b) Spontaneous paramet- 
ric down-conversion, a photon with a high frequency is annihilated and two photons with lower 
frequencies and orthogonal polarizations are created. 



optical processes fulfill the phase-matching conditions, in case for SHG these are given by[7I: 

hcOi + hc02 = flt03 (1.1) 

hki + hk2 = hk3 (1.2) 

where co is the frequency of light, k is the wave vector and the indices indicate the photons in- 
volved in the process. Equation represents energy conservation and equation l |1.2| represent 
momentum conservation. For SHG energy conservation essentially prescribes the wavelength of 
the created photon (3) as function of the other two photons (1,2). Momentum conservation is 
achieved by using non-linear crystals with convenient dispersion and birefringent properties. For 
SHG we use type-I phase matching in a BBO crystal, meaning that light used to drive this process 
is orthogonally linearly polarized compared to the generated frequency-doubled light. 



We use OPA for alignment purposes. OPA is a process in which light of a short wavelength is 
used to amplify light of a long wavelength. SPDC on the other hand is essential in our setup since 
we use it to create entangled photons. In SPDC a pump photon is spontaneously down converted 
into two photons called a signal and an idler photon, see also figure 1.1b The created photons are 
correlated in position and anticorrelated in energy|8j and entangled in polarization|3]. We use a 
type-II periodically poled KTP non-linear crystal for SPDC, meaning that the created photons will 
appear in orthogonal linear polarizations. In this chapter we use the entanglement of the photon 
pairs as a way to herald the presence of a single photon; by detecting one of the created photons 
you are sure another photon with orthogonal polarization was created. Creating entangled pho- 
tons is a rare process and is essential for the experiment shown in the consecutive chapter. 



1.1.1 Why use non-linear optics to create single photons 

As we mentioned in the introduction of this chapter, we use spontaneous parametric down-conversion 
(SPDC) to create photon pairs, because it can produce many diverse quantum states in a well- 
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defined spatial mode at a high rate. Alternatives for approximating a single photon source are 
for example[9j: emmission of single hydrogen-like atomsllOj, color centers in diamond[ll] and 
quantum dots [12, 13|. From these examples, ref. |13| has the highest single-photon detection rate, 
4 • 10^ s~^ Our setup has a single-photon detection rate of about 5 • 10^ s~^ whereas detection rates 
lower than 1 • 10^ s~^ are common for the other single-photon sources. All of these processes have 
their advantages and disadvantages. A drawback of using SPDC is that the photons are not created 
on demand. This problem can be resolved partly by using a pulsed light source, allowing the pro- 
duction of photons only during the pump pulse duration ||8l|2]. Besides single-photon pairs, SPDC 
can also produce higher order number pairs. In a simplified notation the state produced by SPDC 
can be written as[14j: 

I iZ-SPDc) = Cnorm 0,0/) + )- I l^l;) + I 2,2;) + ... + -^r" | n.H;) j (1.3) 

were Cnorm is a normalization constant and 5 and i stand for signal and idler respectively, f is a 
prefactor depending on the parameters of the crystal and the pump beam[ 15], which can be given 
as 7 oc where A^^^ is the amplitude of light that is being spontaneously down converted, j 

is chosen <1 in order to avoid producing more than one photon in a mode. As ref. IHI points out, 
triggering on n photons does not exclude the probability of detecting m > n photons, however 
this is not likely compared to detecting n photons. In this way besides a heralded single-photon 
source, also a heralded n -photon source can be approximated with SPDC. SPDC is a very reliable 
source of single photons and it is unique in the diversity of quantum states it can produce. 



1.2 Experimental setup 



Figure 1.2 provides an illustration of the experimental setup. Our setup is based on an existing 
setup [T5l[T6 . A mode-locked titanium sapphire laser emits pulses with a center wavelength at 790 
nm, a repetition rate of 82 MHz and a pulse width around 0.4 ps. Most of the light is frequency 
doubled in a single pass through a 5-mm-long BBO crystal (BBO) cut for 790 nm. Remaining laser 
light is removed using two spectral filters (SemrockFF01-440/SP-25). The frequency-doubled light 
is then coupled into a 2-mm-long periodically poled KTP (PPKTP) crystal causing spontaneous 
parametric down-conversion (SPDC), after which the frequency-doubled light is removed using a 
spectral filter (Semrock BLP01-635R-25). The photon pairs created with SPDC pass through this 
filter and are separated using a polarizing beam splitter (PBS). The two photons can be guided 
to separate single-photon counting modules (SPCM 1 and SPCM 2: PerkinElmer SPCM-AQRH-14 
and PerkinElmer SPCM-AQRH-13 respectively) using single-mode fibers which make it possible to 
collect the single photons from a well-defined spatial mode. A detailed description of the single- 
photon source can be found in appendrx|B.l[ 



1 .2. 1 Laser requirements 

For efficient creation and detection of photon pairs, the light source needs to fulfill a good trans- 
verse mode quality for good mode matching. Thereby a moderately high-power level should be 
used to drive the process of spontaneous parametric down-conversion lT5l[T6l lT4 l . Also the wave- 
length of the light should be such that either directly or by conversion with non-linear optics the 
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Figure 1.2: Overview of tlie quantum light source. Laser light is frequency doubled with a BBO non-linear 
crystal (BBO). The frequency-doubled light is used to pump a periodically poled KTP non-linear 
crystal (PPKTP), producing photon pairs with orthogonal polarization. The photons are sepa- 
rated with a polarizing beam splitter (PBS) and detected with single-photon counting modules 
(SPCMland SPCM 2). 



light can be used to efficiently create and detect photon pairs. Wavelengths around 700 nm can 
give more than 70% detection efficiency with a silicon-based single-photon counting module[17] 
and seem therefore ideal. 



A pulsed light source is preferred over a continues-wave light source, as a way to approximate 
the preference for photons on demand. In practice a pulsed light source will be required in order 
to have a sufficient intensity to drive all the non-linear optical processes. A pulsed light source 
has a certain spectral width inherently related to the temporal pulse width. In order to perform 
several quantum interference experiments, e.g. the one described in the next chapter, a narrow- 



band light source should be used. From theory[2j (see also section 2.1 and other experimental 
setups ll5l[T6l[T4] follows that pulse widths of a few picoseconds are optimal. Thereby the repeti- 
tion rate should not exceed the detection rate of the system fTsl [TBI [Ml . 



The laser that best approaches all of these condition and which is available for this project at 
our university, is a Spectra Physics Tsunami mode-locked Ti:Sapphire laser pumped with a Millen- 
nia Xs laser. The output beam of the TiiSapphire laser is slightly elliptical (with a ratio of 1.6 for the 
horizontal over vertical beam width) and has typically an average output power of approximately 
750 mW. The center wavelength of the laser light is 790 nm and the fuU-width-at-half-maximum 
of the spectrum is typically around 3 nm. The corresponding temporal pulse width as measured 
with an autocorrelator is around 0.4 ps. This means that our pulses are slightly chirped because 
the time bandwidth product, that is the spectral pulse width multiplied with the temporal pulse, is 
around 0.6 in our case while ideally this is 0.32 for our laser] 18, 19 1. The laser is specified to have a 
repetition rate of 82 MHz, which does exceed the detection rate of our system by about a factor of 
two. More details about the working principle of the laser can be found in appendix^ 



1 .3 Characterization of the quantum light source 
1 .3. 1 Measured heralded single-photon detection rates 

A full characterization of the count rates for the heralded single-photon source is summarized in 
table |l.l| We observed photon- detection rates of 5.02-10^ s~^ and 7.47-10^ s~i in the two separate 
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SPCM 1 
counts 

[103 S-1] 


SPCM 2 
counts 

[103 S-1] 


Coincidence 
counts 

[103 s-1] 


Dark counts 
Only entrance of 
SPCM's blocked 
Everything operational 


0.12 ±0.05 
5± 1 

747 ±3 


1.2 ±0.2 
11 ± 1 

502 ±5 


0.00 ±0.00 
0.05 

140 ± 1 



Table 1.1: FuU characterization of count rates of the heralded single-photon source. The ± symbol indi- 
cates an estimate for the statistical error margin in which the counts were observed. 



modes. Thereby we observed a coincidence rate of 1.40- 10^ s,~^. Ideally the counts of the SPCM's 
and the coincidence counts are equal. However, the coincidence counts are lower than the SPCM 
counts, due to the limited efficiencies of the SPCM's and losses. The difference in count rates on 
the separate SPCM's are due to different detection efficiencies. To our knowledge, we can consider 
the count rates presented in table | 1.1 [ being state-of-the-art. For example a very comparable setup 
detects around 1.00-10^ single photons each second[15, 20], while many other setups based on 
SPDC have lower count rates due to the use of non-linear crystals with a weaker non-linearity. The 
data obtained in table ] 1.1 [ were measured with a pump power of 77 mW. 



For consecutive measurements we improved the setup, mainly the beam quality of the frequency- 
doubled light was improved. However, we did not do a full characterization of the count rates again 
because we modified the setup for other types of measurements. What we can observe in the count 
rates from the improvements nowadays is summarized in table 1.2 Clearly in our improved setup 
we are able to suppress the number of false counts almost to the level of dark counts on the detec- 
tors. Also we see an increase of counts on SPCM 2, while the intensity of the pump light used is 
lowered to 66 mW for the measurements in table ll.2[ 



1 .3.2 Estimation of the two-photon Fock-state detection rate 

We also performed an experiment to estimate what the probability is to detect two -photon Fock- 
state pairs instead of a single-photon Fock-state pair (see equation jl.3| ). For this we blocked the 
reflected photons from PBS 1 in figure 1.3 The photons transmitted through PBS 1 pass through a 
half-wave plate (HWP) and a polarizing beam splitter (PBS 2). After passing this polarizing beam 





SPCM 1 
counts 

[103 


SPCM 2 
counts 

[103 s-1] 


Coincidence 
counts 

[103 S-1] 


Dark counts 
Only entrance of 
SPCM's blocked 
Everything operational 


0.096 ±0.010 
0.110 ±0.014 


0.765 ± 0.020 
0.805 ± 0.024 

800 ±2 


0.000 ± 0.000 
0.000 ± 0.000 



Table 1.2: Characterization of count rates of the heralded single-photon source after improving the 
setup. The ± symbol indicates the standard deviation of 10 measurements. 
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Figure 1.3: Overview of the setup used for estimating the two-photon Fock-state detection rate. A laser, 
BBO non-linear crystal (BBO) and a periodically poled KTP non-linear crystal (PPKTP) create 
entangled photon pairs. The photons of these pairs are separated with a polarizing beam splitter 
(PBS 1). The reflected photons are directed to a beam dump (BD). The transmitted photons are 
guided to a half- wave plate (HWP) and a polarizing beam splitter (PBS 2). The outputs of PBS 2 
are directed to single-photon counting modules (SPCM 1 and SPCM 2). 



splitter, the photons are focused onto two SPCM's. The half-wave plate in combination with a 
polarizing beam splitter act as a beam splitter with variable splitting ratio. From this small adjust- 
ment in the setup, we obtained the two graphs as shown in figure 1.4 In figure [L4a the counts 
of the separate SPCM's are depicted and the total number of counts is presented, all as function 
of the orientation of the HWP. The error bars in figure fOal indicate the maximum fluctuations in 




(a) 



(b) 



Figure 1.4: Obtained results for estimating the two-photon Fock-state detection rate (a) The count rates 
of the individual SPCM's are depicted together with the total number of counts observed, all as 
function of the orientation of the half-wave plate (HWP) in figure 1.3 The error margins are the 
maximum fluctuations in the observed counts, (b) The coincidence counts of the SPCM's are 
shown as function of the orientation of the half-wave plate in figure 1.3 The error margins are 
the maximum fluctuations in counts observed. 
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counts observed and the lines are fits of the type 



/i + /2sin( ^0 + /3 



(1.4) 



were /i_3 are fitting parameters and 6 is the orientation of the half-wave plate in degrees. Equa- 
tion l |1.4| describes the intensity of light along one polarization axis as the half-wave plate is turned. 
Turning the half- wave plate 90 degrees does not alter the polarization axis, hence the period of 90 



degrees in equation 1.4 The offset in equation \\A\ (/i) is included as a way to deal with non- 
ideal properties of the polarizing optics. With non-ideal properties of polarizing optics we mean 
for example the possibility of observing reflected light from a polarizing beam splitter, while ide- 
ally all the light should be transmitted meaning that the light was not in a perfectly defined linear 
polarization or the polarizing beam splitter is not capable of 100% transmitting the light. As a re- 



sult of these non-ideal properties of the polarizing optics, we can clearly observe in figure 1.4a 
that the total number of counts depends on the orientation of the half-wave plate. Also, the to- 
tal number of counts may vary due to detector efficiencies being different, which is indicated by 



different maximum count rates for the two SPCM's. The used pump power in figure 1.4 was 77 mW. 



In figure 1.4b the coincidence counts as function of the orientation of the half- wave plate is 
given. The error bars indicate the maximum fluctuations in counts observed and the line is a fit of 
the type: 

/i + /2 sin f ^ 6/ + /3 V /4 sin f ^ 6/ + /s"! (1.5) 



45 



90 



The non-ideal properties of the polarizing optics and the different efficiencies of the detectors have 
the same orientation period of the half-wave plate as the polarization has, hence explaining the 
sine term with a frequency of |^ in equation il.sl. The coincidence counts should be maximum 
when the polarization before PBS 2 in figure 1.3 is diagonal, which happens every half period of 
the half-wave plate, resulting in the sine term with a frequency of || in equation |l.5| . A clear peak 



can be observed in figure 1.4b at 22.5 degrees, as expected, indicating the presence of the two- 



photon Fock-state. A rough estimate of the number of two-photon Fock-state would be to take 



the peak value of figure 1.4b times two, because half of the two-photon states will be transmit- 
ted or refiected as pair at PBS 2 and will subsequently be counted once by one SPCM. This would 
amount to 9.8 • 10^ two-photon Fock-state pairs each second. The total number of counts detected 
as presented in figure 1.4a is about 6.05 • 10^. This means that roughly 1.6% of all observed photon 



counts is actually a two-photon Fock-state. Probably a more accurate estimations for the amount 



two-photon Fock states, would be to take the value of /2 in equation (1.5 and multiply this value 
by four. In this way, effects of the background and other non-ideal properties are partly removed. 
This would amount to 9.0 • 10^ two-photon Fock-state pairs each second, which would be 1.5% of 
all observed clicks. The two-photon Fock-state detection rate can be considered low compared 
to the detected rate of single-photon Fock states, but high enough to be considered for usage in 
future experiments. 



There are several options to reduce the detection rate of two-photon Fock states. To suppress 
the two-photon Fock-state production rate, the pump power could be lowered so that this rate 
decreases quadratically with power The production rate of single-photon Fock-state pairs on the 
other hand, decreases linearly with the pump power From this it follows that the ratio of the 
production rates of the two photons over single photons decreases with decreasing pump power. 
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To suppress the two-photon Fock-state detection rate in the heralded single-photon source, a 50:50 
beam splitter could be placed at one of the output ports of PBS in figure 1.2 and direct both output 
ports of this 50:50 beam splitter to separate SPCM's. In this way it is possible to trigger partly on 
the two-photon Fock-state and remove these counts from the measurements. 



1 .4 Conclusions of the single-photon source 

In this chapter we described our quantum light source. Detected single photon count rates ex- 
ceeding 5-10^ s^i and coincidence rates more than 100-10^ s~^ are common with our source. 
Based on a similar quantum light source ||15j|20l, the observed count rates can be considered to 
be outstanding. We estimate that these count rates will be more than sufficient for most experi- 
ments that we have in mind. We also determined that roughly 1.5% of the total observed counts are 
two-photon Fock states. This number can be considered low compared to the detected amount of 
single-photon Fock states, but high enough to be considered for usage in future experiments. 
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Chapter 2 

Observing two-photon quantum 
interference 



A decade after the experimental demonstration of entangled photon pair generation from spon- 
taneous parametric down-conversion, Hong, Ou and Mandel demonstrated a two-photon inter- 
ference effect|2l] nowadays Icnown as Hong-Ou-Mandel interference 122]. They showed that two 
photons incident on a 50:50 beam splitter show quantum interference, meaning that these pho- 
tons interfere in a way that no semiclassical theory can explain[23j. This interference is of great 
interest for time-resolved measurements on subpicosecond time scales |211ll5j|26j without the re- 
quirement of subwavelength stability |2ni27l . 



In this chapter we investigate the feasibility of using our quantum light source for Hong-Ou- 
Mandel interferometry. In the first section of this chapter we explain Hong-Ou-Mandel inter- 
ference and make quantitative predictions of how this interference influences the count rates in 
our setup. We continue with presenting the adjustments we made to our heralded single-photon 
source in order to measure Hong-Ou-Mandel interference. We end this chapter by showing our 
results and providing a summary. 



2.1 Hong-Ou-Mandel interference 



Hong-Ou-Mandel interference is based on two-photon quantum interference were two indistin- 
guishable photons are incident on different ports ((0) and (1) in figure 2.1 1 of an ideal 50:50 beam 
splitter. They can leave the beam splitter at the two remaining ports ( (2) and (3) in figure 2 . 1 1 . With 
indistinguishable is meant that there is no way to tell by measurement, through which of the two 
input ports of the beam splitter the observed photons were transported. This means that the spec- 
trum, polarization, and arrival time at the beam splitter for both photons should be identical. In 
this case both photons will exit the beam splitter from the same port|28l[23j|22], as illustrated in 
figure 2.1 For the beam splitter in figure 2.1 we can write two equations 1281: 



a' 



(2.1) 
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I1„1,0A> 



(1) 



(2) 



50:50 BS 



(3) 



^(IGoO,2,03>+10„0,0,23» 



Figure 2.1: Two-photon quantum interference at a beam splitter. Two identical photons incident on a 
50:50 beam splitter from different ports wUl leave the beam splitter in pairs. 



wher e is the creation operator for mode i, indicating the different ports of the beam splitter in 



figure 2.1 The input state in our case is given by | i/^in) =| I0I1O2O3) = d\d\ \ O0O1O2O3). From this, 



we can derive 



V'out} 



= -^(d^ + zay ^(a^ + m^ IO0O1O2O3) 



72 



= ^ (fl^a^ + fl^a^) IO0O1O2O3) 



^^2 



(|OoOl2203)+|OoOl0223)) 



(2.2) 



Equation \2.2\ shows that the photons will leave one of the output ports of the 50:50 beam splitter 
in pairs. The probability for the photons to leave from separate ports of the beam splitter inter- 
feres destructively. The resulting quantum state is sometimes also referred to as a ATOOA/^-state 
with N = 2, referring to the W-photon quantization, while detecting 0-photons in the other out- 
put port. WOOW-states allow to go beyond the diffraction limit and to do very sensitive interfer- 
ometry, therefore these states are of high interest for quantum lithography[29., ^ and quantum 



metrology||3TJ|32|. The result of equation \2.2\ does not hold if the photons are distinguishable. In 



the original Hong-Ou-Mandel interferometer and in our experiment, the arrival times of the two 
created photons before the 50:50 beam splitter were varied by introducing a path-length difference 
between these photons. Hong-Ou-Mandel interference can be observed by measuring both output 
ports of the beam splitter and detect coincidences, which should not occur for perfect Hong-Ou- 
Mandel interference at zero path-length difference. 



Hong-Ou-Mandel interference depends on how distinguishable the two photons used are, and 
thus also on the spectral bandwidth in which these photons are produced. Two spectra are impor- 
tant in order to determine the spectrum of the created photons, the first being the spectrum of the 
pump laser, assumed to be a Gaussian and represented by a[cos+^t)- The second spectrum results 
from the phase matching conditions for our non-linear crystal that creates our photon pairs, rep- 
resented by ^[ojs, coi). The spectrum following from the phase matching conditions is described 
by the phase-matching function which is given byHTSIISl: 

^[C0s,c0i)= — }^ (2.3) 

[ks{cOs) + kiicoi) - kp[a)s + o)i) + 2n/A\ L 



14 



Chapter 2. Observing two-photon quantum interference 



where the symbols are the same as used before in section fTTTj and A is the poling period of the crys- 
tal. Multiplying the phase-matching function with the spectrum of the pump laser gives the emit- 
ted two-photon spectrum (| a[cOs + ojf co/) p) of spontaneous parametric down-conversion 
(SPDC) as function of the wavelength of both photons. The spectrum of a photon is obtained by 
integrating the two-photon spectrum over the wavelength of the conjugate photon, resulting in 



figure 2.2a We observe in figure 2.2a that the spectral width in which the photons are created is 
not the same for both photons, making both photons partly distinguishable. We can also observe 
firom this figure that the spectral filter as used in our experiment (see appendix B.2.1[ has a nar- 



rower spectral width than the bandwidth in which the photons are created. We can use this filter 
to make the spectrum of both photons more identical, either by applying the filter to both photon 
spectra like we did or by only filtering one photon spectrum. We approximated the properties of 
our non-linear crystal with the temperature-depended dispersion relations for KTP crystals taken 
from reference [33J. This dispersion relations is however not perfect for our non-linear crystal 
since the calculated phase -matching function (equation |2.3[ would favor a center wavelength of 
788.5 nm, while our crystal favors a center wavelength of 790 nm. To compensate this difference 
we multiplied the refractive index of the crystal in our model with a constant factor, this should 
approximate the properties of our non-linear crystal. We chose our other variables for calculating 
the spectra of the photons to be identical to the parameters used in the setup. 

With the spectra of the photons we can calculate the result of a Hong-Ou-Mandel interferom- 
eter. For this we use equation (19) of reference |8] : 




Xi^s [nm] Al [mm] 



(a) (b) 

Figure 2.2: Theoretical calculations for the Hong-Ou-Mandel experiment, (a) Normalized photon spectra 
as function of the wavelength of the signal and idler photon. Also a normalized function of our 
spectral filter is presented, (b) Calculated coincidence rate in our experiment, with and without 
spectral filter. 
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where c is the speed of light and AZ is the relative delay between the input arms of the 50:50 beam 
splitter. Rc is the coincidence rate, which is the rate at which photons are detected at the output 
ports of the 50:50 beam splitter. The first term in equation \2A\ is proportional to the total proba- 
bility of observing coincidence counts. The second term oscillates rapidly with frequency (cUf — cu^) 
if AZ is large, in which case this term has a negligible contribution to the coincidence rate. As AZ 
approaches zero, this term contributes and the coincidence rate will be lowered. From equation 
l |2.4| it is clear that the coincidence rate will decrease more when the spectrum of the signal and 
idler photons become identical. The calculated results of the Hong-Ou-Mandel interferometer for 



our setup is presented in figure 2.2b A clear dip of the Hong-Ou-Mandel interference can be ob- 



served, of which the width depends on the spectrum of the photons. The visibility of the dip is 



defined as y = 1 — /?c(0)/i?c(oo)|34|. From figure 2.2b it is clear that filtering increases the visibility 



of the Hong-Ou-Mandel interference, because the spectra of the photons become identical. The 



normalized coincidence rates as given in figure[Z2b do not depend on the number of photons de 



tected and are therefore robust against time-independent losses and absorption. This is different 
when the measurement is suffering from detector noise, then losses would decrease the visibility. 
The robustness against losses in combination with its time-resolving capabilities with subpicosec- 
onds accuracy, makes Hong-Ou-Mandel interferometry a useful technique. 



With our setup we should be able to observe Hong-Ou-Mandel interference, as figure 2.2b 
points out. It should be noted that for the sole purpose of performing a Hong-Ou-Mandel exper- 
iment, a type-I non-linear crystal is recommended above a type-II non-linear crystal for creating 
photon pairs. With a type-I non-linear crystal, the two created photons will be polarized along the 
same axis and hence experience the same dispersion of the non-linear crystal. This means that the 
spectrum for the trigger and idler photons will be identical and hence these photons are indistin- 
guishable. In this case the visibility of Hong-Ou-Mandel interference will not depend on the pump 
bandwidth|8|. Hong-Ou-Mandel interferences with visibilities over 95% using type-I non-linear 
crystals have been reported[34]. However, as mentioned in previous chapter, we are interested in 
performing many diverse experiments. For most of these experiments a type-II non-linear crystal 
is better than a type-I non-linear crystal. 



2.2 Detection scheme 



An illustration of the setup used for the Hong-Ou-Mandel experiment is presented in figure 2.3 
The left part of the setup (up to PBS 1) is used for the required bi-photon preparation, as discussed 
in the previous chapter. A spectral filter (SF) is added after the PPKTP non-linear crystal in order to 
make the photon spectra more identical. The photons reflected from polarizing beam splitter PBS 
1 are send to a variable delay (AZ) and then recombined with the conjugate photons at a second 
polarizing beam splitter (PBS 2). With a quarter-wave plate (QWP) we can let the orthogonal po- 
larized modes of the photons interfere with each other at a polarizing beam splitter (PBS 3) . The 
output ports of PBS 3 are monitored with two single-photon counting modules (SPCM 1 and SPCM 
2). The advantage of using a quarter- wave plate in combination with a polarizing beam splitter 
compared to a 50:50 beam splitter, is that we can also decide not to let both modes interfere with 
each other. This allows us to switch between a Hong-Ou-Mandel experiment and directly measur- 
ing photon rates for individual modes. A detailed detection scheme of the Hong-Ou-Mandel setup 



can be found in appendix B.2 
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Figure 2.3: Simplified setup for tlie Hong-Ou-Mandel experiment. A laser, BBO non-linear crystal (BBO) 
and a periodically poled KTP non-linear crystal (PPKTP) create entangled-photon pairs. The 
photons of these pairs are separated with a polarizing beam splitter (PBS 1). The reflected pho- 
tons are sent to a variable delay (A/) and afterwards recombined with the transmitted photons 
at PBS 2. A quarter-wave plate (QWP) is used to let the modes interfere at PBS 3. Coincidences 
are measured on two single-photon counting modules (SPCM 1 and SPCM 2). 



2.3 Measured Hong-Ou-Mandel interference 



Our Hong-Ou-Mandel interference results are shown in figure 2.4 In figure 2.4a we show our mea- 
sured coincidence rate as function of the path length difference between the two arms (AZ) with 
errorbars indicating the maximum fluctuations observed during the measurement. We observe a 
pronounced dip when the path length difference is zero, demonstrating the presence of Hong-Ou- 



Mandel interference. We fitted our data points in figure 2.4a with a Gaussian function as a visual 
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Figure 2.4: Experimental results of Hong-Ou-Mandel interference, (a) The measured coincidence rate as 
function of the relative path length difference is presented for a pump power of 85 mW and 
20 mW. The lines drawn in the figure are Gaussian fits, (b) The Gaussian fits of figure (a) are 
normalized as a way to compare them. 
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aid, which is commonly doneET]|24l|34l. The Gaussian fits of figure 2.4a are copied in figure 2.4b 
and normalized as a way to compare the Hong-Ou-Mandel interference at different pump powers. 



From the Gaussian fits in figure 2.4b it is easy to read that the visibility (depth of the dip) is about 



38% and has a fuU-width-at-half-maximum of approximately 0.23 mm. As mentioned earlier, the 
visibility indicates how indistinguishable the created photons are, while the width is an indication 



for the the spectrum of the photons. From figure 2.2b we predicted the visibility to be about 22% 



and the full-width-at-half-maximum to be around 1.28 mm. The increased visibility in the experi- 
ment compared to what we expected, means that the observed photons had spectra more identical 



to each other than predicted. As figure 2.2b shows, spectrally filtering the two-photon spectrum 
after the PPKTP crystal increases the width of the Hong-Ou-Mandel interference. However, the 
measured width is narrower than what we expected. This means that the discrepancy between fig- 
ures|2.4b]and|2.2b]is mainly explained due to the used non-linear crystal properties in our model 



not being exactly equal to the properties of the crystal used in our experiment. Nevertheless, we 
are very satisfied to observe Hong-Ou-Mandel interference at count rates where short integration 
times (< 1 s) are sufficient. 



From figure 2.4b it also becomes clear that the Hong-Ou-Mandel interference does not depend 



significantly on the pump power. The visibility is 1% higher for a pump power of 85 mW, which 
is comparable to the measured noise. The output of Hong-Ou-Mandel interference for the two- 
photon Fock state can be calculated like we did for the single-photon Fock state in equation l |2.2| . 
In this case the input state is given by | j/'in) =| 2021O2O3) = |aJaQa|fl| | O0O1O2O3). From this, we 
can derive 



i/'out) = 



1 1 



2 ^2 + ««3) ^ + ^^\) ^ («3 + ^ («3 + I O0O1O2O3) 

= — (d2d2d2d2 + 2d2d2dldl + dldldldl^ \ O0O1O2O3) 
8 ^ 



1 

O0O142O3) - - I O0O12223) 



O0O1O243) 



(2.5) 



The result of this calculation is that the two-photon Fock state gives a quarter of the time coinci- 
dence counts. In chapter[T]we estimated that 1.5% of the total observed counts are two-photon 
Fock states. If we take this into account for a Hong-Ou-Mandel interference visibility of 38% when 
only the single-photon Fock state is present, then we would expect that the visibility would de- 
crease approximately 0.3% due to the presence of the two-photon Fock state. This means that the 
visibility of the Hong-Ou-Mandel interference is less for higher pump powers than for lower pump 
powers. We do not observe this in our data because of experimental noise. Thus we can conclude 
that the possibility of creating the two-photon Fock state in our setup has no significant influence 
on the observed Hong-Ou-Mandel interference. 



2.4 Conclusions of the Hong-Ou-Mandel experiment 

Hong-Ou-Mandel interference is a quantum interference effect where two photons impinge on a 
50:50 beam splitter from different ports and leave the beam splitter always together. By placing 
two single-photon counting modules at the output ports of this beam splitter, we observed that 
the coincidence rate of the two counting modules can be decreased by 38% as a result of quantum 
interference. Furthermore we observed that the possibility of creating the two -photon Fock state 
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in our setup has no observable meaningful influence on the Hong-Ou-Mandel interference. 

We expect that the observed coincidence rates can be lowered at least an order of magnitude 
before we will need to integrate the coincidence counts over more than 10 seconds, meaning that 
we can afford more losses. It is anticipated that we would be able to observe Hong-Ou-Mandel 
interference even with 99% additional losses for one of the input modes of the 50:50 beam splitter. 
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Appendix A 

Outline of the laser 



The titanium sapphire laser that we used is schematically given in figure A.l Continuous- wave 
light at a wavelength of 532 nm enters the laser and is focused with mirrors P 1 and P 2 in the tita- 
nium sapphire crystal, which is the source of the lasing. Mirrors M 2 and M 3 can be used to overlap 
the cavity (lasing) mode with the pump profile inside the titanium sapphire crystal. Mirrors M 6 
to M 9 in combination with prisms Pr 1 to Pr 4 are implemented to compensate (positive) chirp 
acquired by pulses in the cavity, making sure the output pulses are Fourier transform limitedl,19|^ 
Between prisms Pr 2 and Pr 3 the lasing wavelengths are spatially separated, allowing to choose the 
center wavelength and the spectral width using a slit. Mirrors M 1 and M 10 are the cavity mirrors 
that allow fine tuning of the cavity, making it possible to overlap the cavity mode optimally with 
the pump beam. 

Lasing from the titanium sapphire crystal can occur in continuous wave or pulsed mode. If 
the alignment of the laser cavity is good, the power- depended part of the refractive index of the 



*Fourier transform limited means that all wavelengths contributing to pulsed lasing are all maximally contributing 
to the peak intensity of the pulses. In this way a minimum temporal pulse width arises. 



Pump 
Beam 




Filter 

Figure A. 1: Overview of the Ti:Sapphire laser. Pump light is focused inside a titanium sapphire crystal, 
creating the inversion necessary for lasing. Prisms Pr 1-4 compensate chirp acquired by pulses 
in the cavity. Picture adapted from reference . 
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titanium sapphire crystal can result in pulsed lasingfT^ . In this case, high peak intensities are am- 
plified more by the crystal than low intensities, strengthening pulsed lasing. An acoustical optical 
modulator (AOM) (in combination with a photodiode monitoring the lasing) is used to aid this 
process. 

We typically use 8.25 Watt light at a wavelength of 532 nm for creating the inversion necessary 
for lasing. This gives an average output power of the laser of approximately 750 mW. The center 
wavelength of the laser light is 790 nm and the full-width-at-half- maximum of the spectrum is typ- 
ically around 3 nm. The corresponding temporal pulse width as measured with an autocorrelator 
is around 0.4 ps. 
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Detailed overview of the setup 



B. 1 Quantum light source setup 



A detailed schematic of tiie experimental setup can be found in figure B.l In this section we de- 
scribe the quantum light source as used in chapter[T] Directly behind the laser a Faraday isolator 
(FI) is placed that allows light to pass through in only one direction. We found that without a 
Faraday isolator, reflections from different optical components in the setup could disrupt mode- 
locking of the laser. The laser beam is guided through two cylindrical lenses (CL 1 and CL 2) which 
compensate the ellipticity of our beam. With a polarizing beam splitter (PBS 1) we split our bundle 
into two parts and in combination with a half-wave plate (HWP 2) we can choose in what ratio the 
beam intensity is divided into these two paths. The two paths arising from the polarizing beam 




Figure B.l: Detailed overview of the quantum light source. Laser light is frequency doubled with a BBO 
non-linear crystal (BBO). The frequency- doubled light is used to pump a periodically poled KTP 
non-linear crystal (PPKTP), producing photon pairs. The photons of the created photon pairs 
are split with a Glan-Taylor polarizer (GTP) and detected separately at single-photon counting 
modules (SPCM 1 and SPCM 2). 
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splitter are called the pump and seed path. 



B.1.1 Seed path 

The seed path is used as an alignment tool. The seed path contains a movable prism (Prism) which 
makes it possible to match the path length to the pump path length. The seed bundle is coupled 
into a single-mode fiber (SMF 1) , providing us with a very good spatial mode quality. With polariz- 
ing optics (HWP 4-5, QWP 1 and PBS 2) directly behind the output of this single-mode fiber (L 4), 
we can obtain a well-defined linear polarization and tune the intensity of the fiber output without 
adjusting anything before the fiber. A mirror mounted on a piezoelectric element (PM) is used for 
alignment purposes and with a dichroic mirror (DM 2) the seed and pump bundle are superim- 
posed on the PPKTP crystal (PPKTP). 



B.1.2 Pump path 

The purpose of the pump path is to create photon pairs at the PPKTP crystal. After leaving the po- 
larizing beam splitter (PBS 1) the pump bundle is focused on a 5 mm long BBO crystal (BBO) using 
a 250 mm lens (L 1). Transmitted light from the BBO is coUimated using a 100 mm lens (L 2) and 
spectrally filtered using a dichroic mirror (DM 1). Laser light is transmitted by this mirror and can 
be used to monitor the laser performance by means of an autocorrelator (ACOR), a spectrometer 
(SM) and aphotodiode (PD 1). 

Frequency- doubled light from the BBO is reflected by DM 1 and spectrally filtered (F 1: two 
Semrock FF01-440/SP-25) in order to remove remaining laser light. Also a cylindrical lens with a 
focal length of 500 mm (CL 3) is used to compensate for astigmatism of the frequency-doubled 
light. The source of this astigmatism is expected to be the angle dependence of the frequency 
doubling. Typically after the filter and the cylindrical lens, we measure a power of 140 mW. The 
frequency-doubled light is passing through two irises clipping the beam as a way to spatially fil- 
ter the beam. Eventually the pump beam is focused into the PPKTP crystal. With a half -wave plate 
(HWP 3) the polarization of the frequency-doubled light is matched to the orientation of the PPKTP. 



B. 1 .3 After the PPKTP crystal 

Both the seed and pump path pass through the PPKTP crystal and are coUimated with a lens (L 
7), after which the frequency- doubled light is removed with a spectral filter (F 4: Semrock BLPOl- 
635R-25). A half- wave plate (HWP 6) and a quarter- wave plate (QWP 2) allow for compensating 
birefringence of the PPKTP crystal and for optionally mixing orthogonal polarization states at the 
Glan-Taylor polarizer (GTP). The pump beam creates photon pairs at the PPKTP, which are sep- 
arated at the GTP. The created photons are coupled into single-mode fibers (SMF 2-3) of which 
the outputs are focused on two separate single-photon counting modules (SPCM 1 and SPCM 
2: PerkinElmer SPCM-AQRH-14 and PerkinElmer SPCM-AQRH-13 respectively). The outputs of 
these single-mode fibers together with the SPCM's and all optics in between are placed into a sep- 
arate box in order to reduce the number of counts due to stray light. 
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B.2 Hong-Ou-Mandel detection scheme 



In figure B.2 we present a detailed overview of tiie detection sciieme used for ttie Hong-Ou-Mandel 



experiment (see chapter |2]l. Two separate photons enter the detection scheme through single 



mode fibers (SMF 1 and SMF 2) of which the output lenses are illustrated in figure B.2 by L 1 and 
L 2. Output lens L 1 is placed on a translation stage making it possible to control the path length 
difference with respect to the other photon. Quarter-wave and half- wave plates (QWP 1, QWP 2, 
HWP 1 and HWP 2) are included to control the polarization. Both photons are superimposed on 
a polarizing beam splitter (PBS 1). The photons after PBS 1 have orthogonal polarizations. The 
combination of QWP 3 and PBS 2 act as a 50:50 beam splitter for the photons. The output arms 
of this 50:50 beam splitter are monitored with two single-photon counting modules (SPCM 1 and 
SPCM 2) . These counting modules are placed on translation stages (indicated with arrows in figure 



B.2 so that they can be placed in the foci offenses L 3 and L 4. 



B.2. 1 Spectral filter for the Hong-Ou-Mandel experiment 

For the purpose of making a Hong-Ou-Mandel interferometer, we desired a spectral filter with a 
bandwidth below 2 nm at a center wavelength of 790 nm. We have decided to fabricate a Fabry- 
Perot etalon and use it as a spectral filter. This etalon has the ability to tune the center wavelength 
and has a high transmission for the center wavelength. The bandwidth of our laser pulses demands 
that the free spectral range, the spectral distance between two consecutive transmission peaks of 
such an etalon should be larger than 5 nm. Theoretically, the free spectral range (in air) is given 
byEl 

A2 

AAf = — (B.l) 
2d 

where d is the spacing between the mirrors of the etalon. The spectral width is defined as 

AA.P 

5A=— (B.2) 



where ^ is the Finesse of the etalon given by 



_ nVR 

,B.3, 




Figure B.2: Detailed detection scheme of the setup used for the Hong-Ou-Mandel experiment. Two pho- 
tons are superimposed on a polarizing beam splitter (PBS 1). A quarter-wave plate (QWP 3) in 
combination with a polarizing beam splitter (PBS 2) act as a 50:50 beam splitter. The path length 
difference between the two photons can be controlled by moving output lens L 1. 
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Figure B.3: Spectral filter for Hong-Ou-Mandel experiment, (a) Overview of how the spectral filter was 
fabricated, (b) Measured spectrum of our fabricated filter. The red line is a Lorentzian fit. 



in which R represents the average intensity reflectivity of the mirrors of the etalon. For our etalon 
we used two 30:70 (transmission:reflectivity) beam splitters with metal foil of 25 pm thick in be- 
tween as spacer, see figure B.3a Theoretically this gives us a free spectral range of 12.4 nm and a 
spectral width of 1.4 nm. Figure B.3b shows the spectrum of our filter when a transmission peak is 
set to 790 nm. Fitting the peak transmission at 790 nm with a Lorentzian function gives a spectral 
width of 1.5 nm and a peak transmission of 0.76. Thereby we observe a spectral range of 1 1.4 nm 
in figure B.3b We measured the spectrum using a broadband white light source (Fianium SC-450) 
and an interferometer (BioRad FTS-6000). For the Hong-Ou-Mandel interference measurements 
we implemented this spectral filter directly after the PPKTP crystal so that all the created photons 
are spectrally filtered. 
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